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How ophiolitic mélanges can be deﬁned as sutures is controversial with regard to accretionary
orogenesis and continental growth. The Chinese Altay, East Junggar, Tianshan, and Beishan belts of the
southern Central Asian Orogenic Belt (CAOB) in Northwest China, offer a special natural laboratory to
resolve this puzzle. In the Chinese Altay, the Erqis unit consists of ophiolitic mélanges and coherent
assemblages, forming a Paleozoic accretionary complex. At least two ophiolitic mélanges (Armantai, and
Kelameili) in East Junggar, characterized by imbricated ophiolitic mélanges, Nb-enriched basalts, adakitic
rocks and volcanic rocks, belong to a DevonianeCarboniferous intra-oceanic island arc with some
Paleozoic ophiolites, superimposed by Permian arc volcanism. In the Tianshan, ophiolitic mélanges like
Kanggurtag, North Tianshan, and South Tianshan occur as part of some Paleozoic accretionary complexes
related to amalgamation of arc terranes. In the Beishan there are also several ophiolitic mélanges,
including the Hongshishan, XingxingxiaeShibangjing, HongliuheeXichangjing, and Liuyuan ophiolitic
units. Most ophiolitic mélanges in the study area are characterized by ultramaﬁc, maﬁc and other
components, which are juxtaposed, or even emplaced as lenses and knockers in a matrix of some
coherent units. The tectonic settings of various components are different, and some adjacent units in the
same mélange show contrasting different tectonic settings. The formation ages of these various com-
ponents are in a wide spectrum, varying from Neoproterozoic to Permian. Therefore we cannot assume
that these ophiolitic mélanges always form in linear sutures as a result of the closure of speciﬁc oceans.
Often the ophiolitic components formed either as the substrate of intra-oceanic arcs, or were accreted as
lenses or knockers in subduction-accretion complexes. Using published age and paleogeographic con-
straints, we propose the presence of (1) a major early Paleozoic tectonic boundary that separates the
Chinese AltayeEast Junggar multiple subduction systems of the southern Siberian active margin from
those of the northern Tarim; and (2) a major Permian suture zone that separates the TianshaneBeishan
from the northern active margin of the Tarim Craton. These new observations and interpretations have
broad implications for the architecture and crustal growth of central Asia and other ancient orogens as
well.
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Sutures are the tectonic boundaries between adjoined plates,
and have been used to describe the amalgamation history of oro-
gens. Ophiolites and/or ophiolitic mélanges are commonly found in
sutures, because they represent the remains of accreted fragments
of vanished oceans and of material that were deposited in the
subducted trenches. Therefore, ophiolites and/or mélanges found
in the ﬁeld are usually regarded as sutures, which represent the
vanished oceans between blocks (Dewey, 1977; Smith, 1988; Xiao
and Tang, 1991; S¸engör, 1992; Dewey, 2005).eking University. Production and hosting by Elsevier B.V. All rights reserved.
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ophiolitic mélanges found in the ﬁeld are all sutures. This question
is related to the fundamental architecture of different types of
orogens. Continent-continent collision orogens typically have well
deﬁnable sutures, which may contain distinct ophiolites and/or
ophiolitic mélanges, although some may be transported by post-
collisional thrusts onto a foreland far from its mother suture. In
accretionary orogens the situation is less clear. Although one can
imagine that the Nankai Trough off Japan will one day become a
suture, it is questionable whether the boundary between every
accreted adjacent island arc can be called a suture, particularly
when many of those boundaries have undergone extension during
oceanward trench migration (S¸engör, 2004). In consequence, the
position of sutures and of accreted tectonic boundaries in many
orogens remains controversial, and this can affect the under-
standing of the ambient tectonic evolution (Alps: Jolivet et al.,
2003; Ratschbacher et al., 2004; the Himalayas: Chang et al.,
1986; Dewey et al., 1988; Yin and Harrison, 2000; Aitchison et al.,
2001; the Central Asian Orogenic Belt (CAOB): S¸engör, 1992,
2004; S¸engör and Natal’in, 1996a,b; Xiao et al., 2003).
The East XinjiangeWest Gansu area of the CAOB or Altaids
(S¸engör and Okurogullari, 1991; S¸engör et al., 1993; Carroll et al.,
1995; Seltmann et al., 2001; Yakubchuk et al., 2001; Jahn et al.,
2004; Xiao et al., 2010; Bazhenov et al., 2012; Choulet et al.,
2012; Kröner et al., 2014) contains many ophiolitic mélanges, the
components of which are varied and often controversial, and thus
provide useful constraints and points for discussion of the ques-
tions at hand.
In this paper we aim to present the results of our ﬁeld, structural
and geochemical/isotopic studies made over many years and inte-
grated with relevant published data. First, we describe some newlyFigure 1. (A) Schematic map showing the tectonic position of Northern Xinjiang in the so
showing the Chinese AltayeEast Junggar orogenic collage (East XinjiangeWest Gansu are
accretionary complex.discovered mélanges and accretionary complexes that include
ophiolitic fragments, integrated with some recent SHRIMP zircon
ages for some ophiolitic fragments and with recently published
high-resolution isotopic age data, in order to constrain the tem-
poral development of the ophiolitic fragments and sutures. Com-
bined with published geochemical, structural, geochronological,
and geophysical data (Wang et al., 2003a), we interpret the key
subduction-accretion complexes in terms of their tectonic settings
and paleogeographic signiﬁcance. We discuss the evolution of the
major sutures of this part of the orogen in terms of the long-lived
subduction-accretion events from the Cambrian to Permian, and
we place this in the context of the crustal growth of the southern
CAOB.
2. Regional geology
The CAOB, one of the world’s largest accretionary orogens, was
largely formed by subduction and accretion of juvenile material
from the Neoproterozoic through the end-Paleozoic (Mossakovsky
et al., 1993; S¸engör et al., 1993; Allen et al., 1995; Long et al., 2007;
Xiao et al., 2008, 2010; Geng et al., 2011; Cai et al., 2012a).
The East XinjiangeWest Gansu area links the southern CAOB in
Mongolia to the east with Kazakhstan in the west (Figs. 1 and 2);
this is a remote area near the ChineseeMongolian border with
excellent exposures of arc rocks and ophiolites, which mark the
sites of consumption of the Paleo-Asian Ocean and accretion to the
southern active margin of Siberia in the late Paleozoic (Xiao et al.,
2004b; Windley et al., 2007). The Chinese Altay, the northern-
most belt, is connected northwards to the Siberian active margin in
Kazakhstan and Russia (Buslov et al., 2001; Dobretsov et al., 2004;
Safonova et al., 2004; Dobretsov et al., 2006; Long et al., 2007, 2008;uthernmost part of the CAOB. Figs. 1B and 3 are outlined. (B) Schematic tectonic map
a) (Xiao et al., 2004a,b, 2008; Xiao and Santosh, 2014). KK-AC ¼ Kokshaal-Kumishi
Figure 2. Interpreted geophysical section from Altay to Bogdashan in Northern Xinjiang, China (modiﬁed after Wang et al., 2003a). The section crosses the Altay, East Junggar and
East Tianshan units of this paper. Surface structures and lithologies are based on our own observations and the literature. Section line is shown in Fig. 1B. Cz ¼ Cenozoic,
Mz ¼ Mesozoic. See text for discussion.
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eastwards into Mongolia. The southernmost Tianshan belt records
the ﬁnal northwards docking of the Tarim craton. These orogenic
belts are mainly composed of Paleozoic arcs and associated accre-
tionarywedges. Relics of the Paleo-Asian Ocean are now imbricated
to form thrust stacks in the orogenic collage.
The northern boundary of the area is occupied by a late Devoniane
early Carboniferous tectonic collage, and the southern boundary
is separated from the late Paleozoic eastern Tianshan orogenic
collage by a huge accretionary complex (KokshaaleKumishi),
which occupies the ﬁnal Permian suture zone along which the
Tarim craton was accreted to what by then had become the
southern Siberian accretionary collage (Xiao et al., 2008; Long
et al., 2010; Xiao et al., 2010; Xiao et al., 2013).
East Xinjiang is divisible into the following tectonic/orogenic
belts: the Chinese Altay, the East Junggar, and the Tianshan. West
Gansu is mainly characterized by the Beishan. Tectonically, we
subdivide the East XinjiangeWest Gansu area into several major
tectonic belts; Chinese Altay, East Junggar, and TianshaneBeishan
(Fig. 3).
3. Ophiolitic mélanges in the Chinese AltayeEast Junggar
3.1. Erqis accretionary complex
The ophiolitic fragments in the Erqis zone are mainly repre-
sented by the Kekesentao mélange in the west, the Qiaoxiahala
mélange in the middle, and the southern Qinghe mélange in theeast. The Kekesentao mélange is composed of ultramaﬁc, maﬁc
rocks, radiolarian cherts and volcaniclastic rocks which mostly
occur as blocks in a middle Devonian matrix of sandstones, tuffa-
ceous sandstones and siltstones. Peridotites can be identiﬁed in the
Kekesentao area (Zhang et al., 1996). Along the southern segment of
these ophiolitic fragments basalts and cherts are found to be blocks
in a matrix of tuffaceous sandstones and siltstones.
The Qiaoxiahala mélange is represented by ultramaﬁc, maﬁc
rocks and cherts which are mostly blocks in a matrix of sandstones
and tuffaceous sandstones and siltstones. Some pillow basalts that
show MORB and island arc tholeiitic chemical signatures (Yu et al.,
2000b) are imbricated with OrdovicianeSilurian radiolarian cherts
and SilurianeDevonian turbidites (Xiao et al., 1992).
The southern Qinghe mélange is distributed along the southern
Qinghe area, which is in the eastern Erqis fault zone. This mélange
is represented by blocks of cherts, limestones, basalts, gabbros,
serpentinized harzburgites and other ultramaﬁc-maﬁc rocks in a
matrix of siliceous and calcareous sandstones, tuffaceous sand-
stones and siltstones. Lenses of thin-bedded cherts, pillow basalts,
massive basalts, basaltic conglomerates, foliated gabbros, cumu-
lated gabbros occur in this mélange (Yang et al., 2005; Wu et al.,
2006). This mélange is juxtaposed against Carboniferous sand-
stones, siltstones, conglomerates, and phyllites. There are similar
ophiolitic mélanges along the Erqis fault zone, northwest of Fuyun.
In these ophiolitic mélanges, lenses of cherts, turbidites, and
pillow basalts and other ophiolitic fragments have possible mid-
late Paleozoic ages. Some Ordovician to early Carboniferous
cherts and turbidites contain lenses of limestones, andesitic
Figure 3. Tectonic map of the TianshaneBeishan orogenic collage (East XinjiangeWest Gansu), showing its principal structures and tectonic units (modiﬁed after Xiao et al., 2004a;
Mao et al., 2012a,b). White numbers in black boxes are referred to the tectonic units in the Beishan: 1eQueershan; 2eHongshishan; 3eHeiyingshaneHanshan;
4eXingxingxiaeShibanjing; 5eMazongshan; 6eHongliuheeXichangjing; 7eShungyingshaneHuaniushan; 8eLiuyuan; 9eShibanshan.
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fragments in the Erqis belt. Late Carboniferous to Permian rocks are
characterized by maﬁc and felsic volcanic and volcaniclastic rocks
(Zhang et al., 1996).
Several high-resolution SHRIMP zircon ages, recently obtained
from ophiolitic fragments, provide ﬁrm constraints on the time of
formation of the tectonic zones. A plagiogranite from a Kuerti
ophiolitic fragment of the Chinese Altay arc has a SHRIMP zircon
age of 372  19 Ma (Zhang et al., 2003). Wu et al. (2006) reported a
SHRIMP zircon age of 352.1  4.4 Ma for a basalt from the southern
Qinghe ophiolitic mélange in the Erqis zone.
3.2. Armantai ophiolitic mélange
The Armantai ophiolite, extending EW from Zhaheba to Tuzi-
quan, and farther east to the ChinaeMongolia border, is composed
of serpentinites, serpentinized peridotites, cumulate pyroxenites
and gabbros, troctolites, rodingites, diabases, basalt and cherts.
Field observations indicate that these components are in tectonic
contact, and were emplaced against DevonianeCarboniferous arc-
type volcanic-sedimentary rocks.
In the Zhaheba area, an extensive, NW-trending ophiolitic
mélange several kilometers wide is composed of lenses of ser-
pentinized peridotites, cumulate pyroxenites and gabbros, pla-
giogranites, troctolites, rodingites, diabases, basalts and cherts in a
schistose serpentinite matrix.
Towards the east in the Tuziquan area, an ophiolitic mélange
consists of lenses of serpentinized peridotites, cumulate pyroxe-
nites and gabbros, diabases, olivine basalts, plagiogranites, basalts
and cherts in a matrix of schistose serpentinites or turbidites.
Ultramaﬁc rocks including serpentinized peridotites are thrust
southwards over, or imbricated against, gabbros and olivine basalts.Gabbro-diabases are intruded by plagiogranite dykes. In addition,
the mélange contains lenses and fragments of massive to pillow
basalts, intercalated with lenses of turbidites, and radiolarian
cherts, all within a tuffaceous to shaly matrix.
Nine zircons from a plagiogranite of the Armantai ophiolite
yielded a weighted mean 206Pb/238U age of 503  7 Ma (Xiao et al.,
2009b). SHRIMP zircon dates of gabbros from Zhaheba yielded ages
of 489  4 Ma and 406  4 Ma, and of an anorthosite of 481 5 Ma
(Ping et al., 2005). Some of these ages are consistent with the
presence of Ordovician radiolarian cherts (Li et al., 1990; He et al.,
2001). However, other cherts yield middle to late Devonian radio-
laria (Xiao and Tang, 1991; Xiao et al., 1992; Liang et al., 1999).
Because the Armantai ophiolite is juxtaposed against arc-type, late
Devonian volcanic rocks and early to mid-Devonian boninites,
adakites, and Nb-enriched basalts, we postulate that the Devonian
arc was generated on old oceanic crust, and the younger age of
406  4 Ma (Ping et al., 2005) is a record of this younger event. The
above relations suggest that the ﬁnal incorporation of the ophiolitic
components into the East Junggar accretionary collage was in the
early Carboniferous.
3.3. Kelameili ophiolitic mélange
In the Kelameili area, an ophiolitic mélange is composed of
lenses of serpentinized peridotites, serpentinites, pyroxenites,
gabbros, rodingites, basalts and cherts in a matrix of Devon-
ianeCarboniferous volcanic-sedimentary rocks.
Along the Kelameili fault, many lenses consist of serpentinized
peridotites, cumulate pyroxenites and gabbros, diabases, olive
basalts, plagiogranites, basalts and cherts. Coherent units in the
mélange are characterized by thick successions of Devon-
ianeCarboniferous sandstones and tuffaceous sandstones.
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tholeiitic afﬁnities (Wang et al., 2003b). The extrusive rocks plot in
the ﬁelds of IAB and MORB, which were interpreted to have
formed in a forearc setting based on their supra-subduction zone
geochemical signature (Wang et al., 2003b). Ping et al. (2005)
obtained an age as young as 403  9 Ma for the Kelameili
ophiolitic mélange. Associated cherts contain early Devonian and
early Carboniferous radiolaria (Ma et al., 1997; Shu and Wang,
2003), and the ophiolitic rocks (containing 403 Ma plagiogranite,
and gabbros with 336 Ma and 342 Ma U/Pb zircon ages) are
imbricated with strongly deformed DevonianeCarboniferous arc
volcanic rocks.
4. Ophiolitic mélanges in the Tianshan
4.1. Kanggurtag forearc accretionary complex
In fault contact with the Dananhu arc to the north, the Kang-
gurtag forearc accretionary complex contains marine lavas and
pyroclastics rocks that were thrust southwards over the Yamansu
forearc and arc. These rocks are subdivided into two major tectonic
assemblages: coherent strata in south, and mélanges and broken
formations in the northern part (Yang et al., 1996). The coherent
strata include the lower to mid-Carboniferous several formations
that are mainly composed of volcano-sedimentary rocks.
Geochemistry of tholeiitic rocks in these formations suggests an
island arc origin (Yang et al., 1996).
Ophiolitic slices including serpentinites, pillowed basalts, meta-
gabbros, meta-basalts, meta-diabases, meta-plagiogranites, quartz
keratophyres, and cherts have been structurally juxtaposed against
graywackes, phyllites, sericite schists, and meta-tuffs in the Kang-
gurtag area (Zhang et al., 2004). Geochemical data indicate that the
ophiolitic rocks are remnants of oceanic crust. Metamorphosed
pillowed basaltic lavas have the geochemical signature of oceanic
tholeiite (Zhou et al., 2001b). Li et al. (2003) discovered possible
late Silurian to early Carboniferous radiolaria in cherts.
4.2. North Tianshan ophiolitic mélange
The North Tianshan suture or the AqqikkudugeShaquanzi
ophiolite-bearing zone (Shu et al., 2002) is a main lineament
structures in the Chinese Tianshan mountains, along which are
remnants of accretionary complexes composed of ophiolitic slices
and mélange. The Mishigou and Gangou ophiolites located south of
Tuokexun have beenwell studied by both Chinese and international
geologists (Windley et al., 1990; Allen et al., 1993; Shu et al., 2004).
The Gangou ophiolite occurs along the AqqikkudugeShaquanzi
fault and connects to thewest via theMishigou ophiolite. In Gangou,
serpentinized harzburgites, dunites, meta-gabbroic diabases, meta-
cumulate gabbros, meta-isotropic gabbros, maﬁc lavas, and cherts
are imbricated with arc-related sediments of possible Silurian age.
Several fault-bounded basic granulite blocks have been identi-
ﬁed along the eastern segment of this ophiolite-bearing zone (Shu
et al., 2002). According to the systematic work done by Shu et al.
(2002, 2004), these granulite blocks together with gabbro and
amphibole schists occur as tectonic slices imbricated within the
mélange zone.
4.3. South Tianshan ophiolitic mélange: Kumishi accretionary
complex
The South Tianshan suture mainly extends along the southern
margin of the Yiliecentral Tianshan arc from the western to the
eastern Tianshan. Discontinuous slivers of ophiolites occur above
and within deformed Paleozoic sediments along a wide zonebetween the South Tianshan suture and the northern margin of the
Tarim block (Windley et al., 1990; Allen et al., 1993; Shu et al.,
2004). On the geological map several separate ophiolitic units
may represent remnants of accreted mid-Devonian to early
Carboniferous ocean basins. This belt includes a wide zone of
various types of rock units, including ultramaﬁc rocks, mélanges,
blueschist/eclogites, radiolarian cherts, and volcaniclastic rocks.
The Kumishi ophiolite is well representative of this belt. The
main rocks are dunites, plagioclase lherzolites, harzburgites, gab-
bros, diorites, spilites, and radiolarian cherts (Ma et al., 1997). At
Yushugou a highly metamorphosed ophiolite is imbricated with
lower to mid-Devonian volcanic and volcaniclastics rocks (Windley
et al., 1990; Allen et al., 1993; Shu et al., 2004).
Jiang et al. (2001b) reported OrdovicianeSilurian radiolaria from
cherts and ﬁne-grained clastics in the ophiolite south of Kumishi.
A U-Pb zircon age of 378  6 Ma for the cumulate gabbro from
the Yushugou ophiolite in the west (Jiang et al., 2001a), and a U-Pb
zircon age of 425.5 2.3 Ma in the east (Li et al., 2002), suggest that
there are some late Silurianeearly Devonian components.
5. Ophiolitic mélanges in the Beishan
5.1. Hongshishan mélange
To the south of the Queershan arc is the Hongshishan ophiolitic
mélange, characterized by a matrix of serpentinites, situated in the
Hongshishan fault zone (Fig. 4). The mélange contains marine
sedimentary rocks, limestones and cherts, ultramaﬁc and maﬁc
ophiolitic rocks including pillow basalts, and mylonites in high-
strain zones (Zuo et al., 1990a,b; Zuo et al., 1991). In places these
rocks are tectonically juxtaposed.
The ophiolitic mélange contains EW-trending tectonic blocks of
serpentinized ultramaﬁc rocks, gabbroic cumulate rocks, gabbros
with minor diabase dykes, pillowed and non-pillowed basalts,
cherts and cherty mudstones. Ultramaﬁc rocks contain podiform
chromites (Wei et al., 2004; Huang and Jin, 2006a,b). Geochemical
data show that some basalts have a mid-ocean ridge signature (Wei
et al., 2004; Huang and Jin, 2006a,b).
The ophiolitic rocks are juxtaposed against Carboniferous calc-
alkaline volcanic rocks, which have lithological and geochemical
characteristics of an active continental margin arc (Wei et al., 2004;
Huang and Jin, 2006a,b). In the northern part of the mélange,
thrusts have a southward vergence and in the south a northward
vergence (Wei et al., 2004; Huang and Jin, 2006a,b). The
Hongshishan ophiolite has been generally considered to be
CarboniferousePermian in age based on some isotopic ages and
fossils (Gong et al., 2002; Wei et al., 2004; Huang and Jin, 2006a,b),
but high-resolution isotopic ages are needed to help constrain its
age of formation and emplacement.
5.2. XingxingxiaeShibanjing mélange
South of the Hanshan arc, the XingxingxiaeShibanjing ophio-
litic mélange forms a continuous EW-trending belt that is charac-
terized by tectonic slices of ophiolitic rocks including meta-
ultramaﬁc rocks, mylonitic gabbros, meta-basalts and clastic
rocks in a matrix of turbidites (Zuo et al., 1990a,b; He et al., 2002;
Nie et al., 2002). In addition, the mélange contains blocks of
gneisses, schists, migmatites andmarbles (Liu andWang, 1995), the
ages of which are controversial.
Major ophiolitic slices occur in two main localities, at Shibanj-
ing and Xiaohuangshan (Zuo et al., 1990a,b; He et al., 2002; Nie
et al., 2002). Many ophiolitic rocks in the mélange have experi-
enced amphibolite facies metamorphism (Zuo et al., 1990a, 1991,
2003), but those in the Xiaohuangshan area were subjected to
Figure 4. Schematic time-diagrams illustrating the Paleozoic tectonic evolution of the Chinese Altay, East Junggar, Tianshan and Beishan collage (modiﬁed after Xiao et al., 2004a,b, 2010, 2013). (a) Mid-Cambrian to mid-Ordovician; (b)
late Ordovician to Silurian; (c) Devonian to early Carboniferous; (d) mid-Carboniferous to late CarboniferousePermian; (e) end Permianeearly Triassic. The cross-sectional directions are in present-day coordinates. See text for
discussion.
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high-pressure metamorphism (Zhou et al., 2001a). However, the
ages of metamorphism are not tightly constrained (Zhou et al.,
2001a). The rocks in this highly deformed mélange have fossil
ages deﬁned as Ordovician to Silurian (Zuo et al., 1990a,b; Zuo et al.,
2003). Therefore the age of metamorphism could have been
younger than Silurian, but more geochronological work on these
metamorphic rocks is required.
5.3. HongliuheeXichangjing mélange
Situated south of the Mazongshan arc, the Hongliuhe ophiolitic
mélange is mainly composed of (a) Cambrian, Ordovician and
Silurian clastic and pyroclastic rocks, (b) many tectonic slices of
ophiolitic rocks, and (c) Carboniferous to Permian clastic rocks
including conglomerates, graywackes, tuffaceous siltstones, slates
and cherts, and minor limestones (Zuo et al., 1990a, 1991; Liu and
Wang, 1995; Gong et al., 2002; Nie et al., 2002). All these rocks
are mutually juxtaposed by thrusts.
The lower Paleozoic rocks have been deformed and meta-
morphosed mostly in the greenschist facies. Slices of ophiolitic
rocks crop out within OrdovicianeSilurian clastic sedimentary
rocks and turbidites (Zuo et al., 1990a, 1991; Liu and Wang, 1995;
Gong et al., 2002; Nie et al., 2002). From west to east along this
ophiolitic mélange there are major fault-bounded bodies of
ophiolite in the Hongliuhe, Niujuanzi, and Xichangjing areas; the
main lithologies include ultramaﬁc rocks, cumulate gabbros, gab-
bros, plagiogranites, diabases, basalts and cherts. Zircons from a
gabbro in the Hongliuhe area yielded a U-Pb age of 426  2 Ma (Yu
et al., 2000a, 2006). A weighted mean 206Pb/238U age of
533  1.7 Ma from a plagiogranite in the YueyashaneXichangjing
ophiolitic mélanges indicates that some pieces of early
Cambrian ocean ﬂoor was emplaced. Weighted mean ages of
336.4  4.1 Ma and 34514 Mawere obtained recently for a basalt
and a gabbro, respectively, from the Xiaohuangshan ophiolite,
several tens of kilometers north of the Yueyashan ophiolite (Zheng
et al., 2013).
The Hongliuhe ophiolitic mélange also contains Permian
massive and pillow basalts that are intercalated with tuffaceous
sandstones, siltstones, cherts and limestones (Zhao et al., 2004,
2006), and Triassic molasse-like clastic sedimentary rocks.
5.4. Liuyuan mélange
Farther south is an almost EW-trending, continuous ophiolitic
belt, termed the Liuyuan complex that contains many tectonic sli-
ces of ophiolitic rocks and remnants of active continental margin
rocks (Zuo et al., 1990a,1991; Liu andWang,1995; Gong et al., 2002;
Nie et al., 2002).
The Liuyuan unit contains a major ophiolitic belt that includes
peridotites, pyroxenites, gabbros, diabase dykes, massive and pil-
low basalts, and cherts. The basalts and gabbros have a MORB and
IAT geochemical signature (Mao, 2008; Mao et al., 2012b). In the
Liuyuan area one can observe excellent outcrops of pillow basalts,
tuffs and cherts that are mostly in mutual fault contact, and
juxtaposed against Permian tuffaceous sandstones, phyllites and
limestones. The detailed ﬁeld geology and thrust tectonics of these
rocks can be found in Mao et al. (2012a,b).
6. Discussion
6.1. Ophiolitic mélanges: various roles in the southern CAOB
Most ophiolitic mélanges in the study area are characterized by
ultramaﬁc, maﬁc and other components, which are juxtaposed, oreven emplaced as lenses and knockers in matrix of some coherent
units. The tectonic settings of various components and of adjacent
units are different, sometimes neighborhood units showing con-
trasting different tectonic settings. Most are arc-related, because
their geochemistry shows that they were mostly generated in
supra-subduction zones (SSZ) (Wang et al., 2003b). Extrusive rocks
in the Paleozoic ophiolites or ophiolitic mélanges are mainly
MORB-, OIB- and IAB-type basalts, andminor back-arc basin basalts
(BABB) (Wang et al., 2003b; Wu et al., 2006). Field relations and
structural data indicate that they belonged arcs, forearc accre-
tionary complexes, and arc-related basins that were mutually
juxtaposed by faulting.
The formation ages of these various components are in a wide
spectrum, varying from Neoproterozoic to Permian. Structural and
tectonostratigraphic data indicate that many ophiolites are frag-
mentary relicts within accretionary wedges (Xiao et al., 2003,
2004a,b). Isotopic ages of some ophiolites yield early Paleozoic
ages (Kwon et al., 1989; Xiao et al., 2009b). However, some recent
SHRIMP U-Pb protolith ages indicate that some ophiolitic frag-
ments are remnants of middle Carboniferous oceanic crust/litho-
sphere (Xu et al., 2006a,b). Therefore these kinds of ophiolitic
mélanges usually do not usually form linear sutures as results of
closure of speciﬁc oceans. More often these ophiolitic components
may have formed the substrata of some intra-oceanic arcs, and/or
lenses or knockers in accretionary complexes.
Ophiolites have long been thought as remnants of disappeared
oceanic basins, whose fate may be entirely subducted. However,
ophiolites may have many different origins (Dilek and Furnes,
2011). Some ophiolitic components may have acted as substrata
of intra-oceanic arcs, like the Aermantai ophiolite in the East
Junggar that has an early Paleozoic ophiolitic sequence uponwhich
there is a DevonianeCarboniferous arc sequence. Often these kinds
of ophiolites with suprasubduction zone characteristics got
accreted to some active margins of micro-continents, or similar
intra-oceanic arcs would have amalgamated together forming
larger arcs. Of course the deformation of ophiolites should be paid
much attention. In some cases it is true that one ophiolite complex
could be thrusted into several slices and emplaced in different lo-
cations to produce multiple ophiolite belts, so people would argue
that some thrusted ophiolite complexes may not be produced by
continue accretion of the different arcs. To test this argument, the
formation ages, tectonic settings and structures should be carefully
examined. Therefore some of these kinds of ophiolites with supra-
subduction zone characteristics may have not formed so-called
sutures. Even later on the associated arc-related basins were
closed or collapsed, pieces of these arc-related basin ophiolites may
have formed some local sutures, here we termed as second-order
sutures. But the ages of the formation of the ophiolites are
considerably older than their emplacement ages.
Those ophiolitic components emplaced into accretionary wedges
may have acted as slices or knockers. These accretionary complexes,
acted as a soft cushion, contain important ophiolites that represent
the remnants of former oceanic crust/lithosphere (Safonova et al.,
2004, 2009, 2011, 2012; Safonova and Santosh, 2014). The analysis
of these kinds of ophiolitic fragments derived from accretion of a
main oceanwould likely be associatedwith another approach called
ocean plate stratigraphy for accretionary complexes (Wakita and
Metcalfe, 2005; Wakita et al., 2013; Safonova and Santosh, 2014).
The ages of these kinds ophiolitic fragments vary considerably, only
the youngest components can set the lower time constraints (Xiao
et al., 2008, 2013). The present overall picture supports a series of
convergent marginal processes in this part of the CAOB (S¸engör and
Natal’in, 1996a,b; S¸engör, 2004).
Of course, some ophiolitic mélanges did form second-order
sutures. As discussed by Dewey (1977, 1987), some narrow
Figure 5. Schematic map-view diagram illustrating the early Paleozoic paleogeography of the Chinese Altay, East Junggar, Tianshan, and Beishan collage in the framework of the
Paleo-Asian Ocean including the Siberia and Tarim cratons (modiﬁed after Xiao et al., 2004a, 2009a,b, 2010, 2013).
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many sites in convergent zones, which are promising to be future
sutures. But the separation of these so-called sutures does not have
an orogen-scale. They mostly were remnants of closed or collapsed
arc-related basins, with limited sizes compared with the major
suture marking two huge continents, or separating a core continent
from docked sub-continent-sized blocks.
6.2. Major suture in the southern CAOB
As we may see from the arguments above, ophiolites and
ophiolitic mélanges may have had various roles in the architecture
of orogens. Then how to deﬁne sutures?
As mentioned before, the major suture zone for the East Xin-
jiangeWest Gansu area of the southern CAOB is the subject of much
debate. For example, the Armantai (He et al., 1994) and Kelameili
(Ma et al., 1997) ophiolites have been considered to be candidates
for determination of a major suture zone. Ma et al. (1997) proposed
that the Kelameili ophiolite is a Carboniferous relict in the ﬁnal
suture between the Angara and the Tarim blocks. However, many
workers have found that the Tuvaella fauna of Angaran afﬁnity
crosses the Kelameili fault (Su, 1981). This evidence precludes the
possibility that the Kelameili ophiolite is a relict of the ﬁnal major
Carboniferous suture between the Angara and the Tarim blocks. A
systematic analysis on the distribution of Brachiopoda of the
Mongolo-Okhotsk Province and the Sino-Australian Province (Rong
and Zhang, 1982; Rong et al., 1995) clearly indicate that a major
separation of two tectonic domains was along the North Tianshan
in the Silurian, which we interpret as the major southern boundary
of the arcs showing Siberian afﬁnity in the early Paleozoic (Fig. 4).
Of course, the Siberian afﬁnity feature of the arcs in northern
Tianshan cannot be used to deﬁne a Silurian major suture location
because these arcs were separated by oceans, along the southern-
most arc there might have been a Silurian subduction zone (Fig. 5).As discussed above, these early Paleozoic arcs did not amalgamate
until the late Paleozoic.
An important late Paleozoic biogeographic boundary has long
been found along the southern Tianshan mountain range, which
separates the Permian Angaran ﬂoras to the north from the North
China ﬂoras to the south (Dewey et al., 1988). This nearly
continuous, wide boundary zone that composed of mixed ﬂora,
indicates that it corresponds to an important tectonic divide in
the Permian, which we proposed as the major suture along the
southern Tianshan in the Permian (Fig. 6). If this is correlated to a
major suture, do its components, in particular those ophiolitic
fragments, hint us where the major suture was constructed? The
answer is positive and the youngest components in the south
Tianshan accretionary complex are Permian radiolarian-cherts
and late Carboniferouseearly Triassic eclogites (Li et al., 2005;
Zhang et al., 2007). Ophiolitic maﬁc fragments in the SW Tian-
shan contain pillow-bearing eclogites, the protoliths of which are
seamounts (Gao et al., 1995; Gao and Klemd, 2003; Ai et al.,
2006). The eclogites experienced several episodes of high/
ultrahigh-pressure metamorphism that have SHRIMP U-Pb
zircon ages of 340 Ma, 310 Ma, 280e290 Ma, and ca. 230 Ma
(Gao et al., 1995; Gao and Klemd, 2003; Zhang et al., 2007). North
of the southern Tianshan accretionary wedge and parallel to the
HP-UHP belt is a high-temperature (HT) granulite that has a
protolith age of 299  5 Ma and a peak metamorphic age of about
280e290 Ma (Li and Zhang, 2004). The Iliecentral Tianshan arc is
situated north of the HT rocks. The fact that the HT belt occupies
an arcward position and the HP belt an oceanward position in the
southern Tianshan is comparable to that in the Japanese Islands
(Isozaki, 1996, 1997a,b). The southernmost toe of the southern
Tianshan accretionary complex was possibly a cryptic suture
which separates the accreted materials as the hanging-wall and
the northern passive margin of the Tarim Craton (Xiao et al.,
2013).
Figure 6. Schematic map-view diagram illustrating the late Carboniferous to early Permian paleogeography of the Chinese Altay, East Junggar, Tianshan, and Beishan collage
(modiﬁed after Xiao et al., 2004a, 2010, 2013).
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we propose the presence of (1) an early Paleozoic major tectonic
boundary separating the Chinese AltayeEast Junggar multiple
subduction systems of the southern Siberian active margin from
those of the northern Tarim; and (2) a late Paleozoic major suture
zone separating the TianshaneBeishan from the northern active
margin of the Tarim Craton.
Therefore, the Paleozoic tectonic framework and evolution of
central Asia is best characterized by juvenile accretion and amal-
gamation of arcs separated by intervening oceans (Fig. 5). In this
tectonic reconstruction, the southernmost tectonic boundary of theSiberian afﬁnity in the Silurian shifted southward (present co-
ordinates) to the southern Tianshan in the Permian. The general
southward accretion from the southern active margin of the Sibe-
rian Craton has been known as an important process since
Zonenshain et al. (1990). The ﬁnal closure of the Paleo-Asian Ocean
and termination of the CAOB was in the end-Permian to mid-
Triassic (Mossakovsky et al., 1993; Buslov et al., 2003; Xiao et al.,
2009a). The intervening development can be best understood in
terms of multiple accretionary processes (Badarch et al., 2002;
Windley et al., 2007; Safonova et al., 2011; Wilhem et al., 2012),
similar to those in the MesozoiceCenozoic accretionary orogens
W. Xiao et al. / Geoscience Frontiers 5 (2014) 525e536534around the Paciﬁc, as in Japan (Maruyama,1997; Taira, 2001), Alaska
(Sisson and Pavlis, 1993; Pavlis and Sisson,1995; Kusky,1997; Kusky
et al., 1997), and the Cordilleras of the western America
(Wakabayashi and Dilek, 2000), in particular Indonesia (Hall, 2002)
that involved divergent subduction zones and Precambrian frag-
ments. Similar tectonic processes may be also observed in orogens
in Albania, Cyprus, and Oman (Dilek et al., 2007).
As we can see from the discussion above, if we separate the
various roles of different ophiolites and use the major sutures and
second-order sutures, many of the timing controversies for oro-
gens may be solved. The new observations and interpretations
from southern CAOB have broad implications for the architecture
and crustal growth of Central Asia and other ancient orogens as
well.
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